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fields
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【Abstract】Endogenous electric fields (EFs) have
been detected at wounds and damaged tissues. The poten-
tial roles of EFs in tissue repair and regeneration have been
an intriguing topic for centuries. Recent researches have
provided significant insights into how naturally occurring
EFs may participate in the control of tissue repair and
regeneration. Applied EFs equivalent to the size of fields
measured in vivo direct cell migration, cell proliferation and
nerve sprouting at wounds. More remarkably, physiologi-
cal EFs are a guidance cue that directs cell migration which
overrides other well accepted directional signals including
initial injury stimulation, wound void, contact inhibition
release, population pressure and chemotaxis. EFs activate
many intracellular signaling pathways in a directional manner.
Modulation of endogenous wound EFs affects epithelial
cell migration, cell proliferation, and nerve growth at cornea
wounds in vivo. Electric stimulation is being tested clini-
cally for the treatments of bone fracture, wound healing and
spinal cord injury. EFs thus may represent a novel type of
signaling paradigm in tissue repair and regeneration. Com-
bination of the electric stimulation and other well under-
stood biochemical regulatory mechanisms may offer pow-
erful and effective therapies for  tissue repair  and
regeneration. This review introduces experimental evidence
for the existence of endogenous EFs and discusses their
roles in tissue repair and regeneration.
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Repair and regeneration of injured or diseasedtissues are complex biological processes, dur-ing which many molecular, cellular and tissue
responses are involved. Multiple complicated tissue re-
sponses and behaviors orchestrate to rebuild functional
structure. A simple wound, for example, requires well-
orchestrated re-epithelization, revascularization and
reinnervation, as well as the formation and remodeling
of extracellular matrixes to achieve healing. Those
multiple “tissue responses and behaviors” coexist at
wounds and are integral elements that contribute to
wound healing.1 We propose here a term “tissue biol-
ogy” as a critical level of study on the basis of molecu-
lar biology and cell biology in the understanding of re-
pair and regeneration. It is at the tissue level where
unique and largely neglected signals — endogenous
electric fields (EFs) — are found existing extracellularly,
which may play some fundamental but largely unknown
roles in repair and regeneration. Latest researches have
brought this very poorly understood but powerful signal
under focus.2-7 Significant advances have been made in
understanding the hierarchical role of electric signaling
in relation to other guidance cues.8,9 We aim to briefly
introduce the trauma community: (1) the concept of
endogenous EFs, (2) experimental evidence of their
roles in wound healing, (3) their effects on cells, and (4)
examples of clinical application. We hope that this will
serve as a starting point that leads interested readers
to more comprehensive reviews on this topic.1-9
Endogenous EFs in injured and regenerating tissues
Epithelial tissues form barriers and many types of
epithelial tissues transport ions. The barriers and
Review
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nondirectional pumping of ions generate transepithelial
potentials in the cornea, skin and other epithelia.10 The
electric potential differences normally measure about
tens of millivolts (mV) across tens of micrometer thick-
ness of the epithelial layer, and yield electric voltage
gradients about hundreds to thousands mV/mm across
epithelial layers at rest (at non-wounded state). Injuries
or wounds that breach the epithelial barriers will imme-
diately short-circuit the transepithelial potential differ-
ences at wound sites, resulting in electric current which
flows towards the site of the compromised epithelium
and establishing laterally orientated EFs. The electric
currents and fields are readily measurable during wound
healing and regeneration.11
As early as the middle of the19th century, Emil Du-
Bois Reymond9, a founder of modern electrophysiology,
systemically reported electricity associated with nerve
excitation and muscle contraction, and noted a remark-
able naturally occurring electric current at a wound on
his finger tip. The electric current flowing out of the wound
in his finger tip was measured about 1 A. He reported
that such electric currents did not correlate with the
depth, infection, or hemorrhage of the wounds. The elec-
tric currents persisted until the wounds healed. While
electricity associated with nerve and muscle became a
central part of science, electrophysiology, wound EFs
and their roles in wound healing and repair had not gained
serious attention. Not until Lionel Jaffe and his students
including Richard Nuccetelli, Richard Borgens and Ken
Robinson invented and used vibrating probe systems
to describe the wound EFs in detail in the 1970s, did
sporadic studies on this topic continue.
Vibrating probe and glass microelectrode are
amongst the modern techniques used to confirm the
existence of naturally occurring electric currents and
fields at wounds, which come into being immediately
after wounding in the cornea and skin.7,8,11-13 The vibrat-
ing probe is an insulated, sharpened metal wire with a
small platinum-black tip, which can detect ionic cur-
rents in the range of 1 A/cm2 in physiological solution.
While an ionic current is present, the probe can detect
a voltage difference between the extremes of its
movement. Glass microelectrodes and noninvasive vibrat-
ing probes are basically the same as those for regular
electrophysiological recording with low resistance.8, 11, 12
Recently, Nuccitelli et al14 have developed a noninvasive
bio-EF imager by which EFs at wounds in rodent and
human skins can be visualized. The experimentally
measured EFs are approximately 40 mV/mm in cor-
neal wounds and 100-200 mV/mm in mammalian skin
wounds.
The wound EFs may be actively regulated by wounded
tissues following injury.12,13 It is generally assumed that
the wound EFs are passive leakages of ions through
wounds. We have experimental evidence suggesting that
wound electric currents contain a significant component
of actively regulated fluxes of ions.6-9,11-15
Endogenous wound EFs and wound healing: cor-
neal wound healing as an example
Experiments from different laboratories have shown
that endogenous EFs are required for normal wound
healing. Wound healing will be compromised if EFs are
inhibited.6-9,12,14 Naturally occurring EFs at wounds may
affect cell migration, cell proliferation, and nerve
sprouting, and thus regulate wound healing. In this
article, we only discussed the roles of EFs in corneal
wound healing. The basic principles, however, are very
likely to be applicable to skin and other epithelial wounds
as well.
For corneal wounds in vivo, we demonstrate that
wound healing rate and associated cell behaviors are
closely associated with wound EFs.8,9,12,14,15 Drugs that
affect ion transport in the corneas have been used to
regulate the transepithelial electrical potentials.
Consequently, those pharmacological treatments result
in an increase or decrease of wound-induced EFs.12
Those treatments speed up or slow down the wound
healing, respectively.12-15 For example, the strength of
wound-induced EFs decreases following the applica-
tion of amiloride, a sodium channel blocker and in-
creases following the application of prostaglandin E2,
a Cl- channel activator at mouse or human skin wounds.13
At rat corneal wounds, prostaglandin E2 or aminophyl-
line that stimulates ion transport across corneal epi-
thelium increases the strength of wound EFs and sig-
nificantly promotes corneal epithelial wound healing.
On the contrary, ouabain (a Na+-K+-ATPase inhibitor)
and furosemide (a Cl- transporter inhibitor) significantly
reduce transepithelial potential differences and reduce
wound EFs. Treatment with these inhibitors retard
wound healing.12,14,15
Proliferation of epithelial cells may be regulated by
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endogenous wound EFs. Enhancing wound EFs with
prostaglandin E2 or aminophylline significantly increase
the number of dividing cells near the wound edge. More
cells divide in the direction of the wound with their cleav-
age planes perpendicular to the EF vector; in other
words, their mitotic spindles lie parallel to the EF vector.
Suppressing the EFs with ouabain causes a marked
inhibition of cell division and abolished wound-oriented
cell division.14
Nerves are stimulated and directed to sprout into
the wounds in skin and cornea.16 The endogenous
wound-induced EFs are likely to be one of the cues
guiding nerve sprouts because (1) enhancing the wound-
induced EFs with prostaglandin E2, aminophylline,
AgNO3, or ascorbic acid can enhance nerve growth to-
wards the wound, and (2) inhibiting the EFs with oua-
bain or furosemide can inhibit the directed nerve growth
towards the wound edge.15
Because wound-induced endogenous EFs control
multiple cell behaviors in vivo such as cell proliferation,
oriented cell division, directed epithelial cell migration,
and directed nerve sprouting, endogenous EFs may
regulate wound healing by integrating these cell
behaviors.7
Effects of applied EFs on cell behaviors are im-
portant for tissue repair and regeneration
Because endogenous EFs exist in injured and re-
generating tissues and have significant effects on wound
healing, we and other groups have investigated detailed
cellular responses to applied EFs in experimental sys-
tems to mimic endogenous EFs. Such experiments
are normally performed by culturing cells and tissues
in specially designed electrotaxis chambers. Many
studies have used these techniques and we have pub-
lished detailed protocols.7,17,18
Applied EFs direct and accelerate cell migra-
tion    Cell migration is a key behavior in tissue repair.
Many types of cells migrate in specific directions in
applied EFs that are similar to endogenous EFs in
magnitude.7,17 Most types of cells exhibit cathodal migra-
tion in applied EFs, such as fibroblasts,19 corneal epithe-
lial cells,20 chondrocytes,21 keratinocytes,22 lens epithe-
lial cells,23 vascular endothelial cells,24 lymphocytes,25 and
hippocampal neurons26. It is significant to note that
some other types of cells migrate towards the anode in
EFs, such as rabbit osteoblasts,27 corneal stromal
fibroblasts,20 corneal endothelial cells,28 lens epithelial
cells,23 and some vascular endothelial cells24. Lens
epithelial cells demonstrate unique bi-directional re-
sponses depending on the origins of the cells and
voltage.23 Rabbit corneal epithelial cells migrate
cathodally, while corneal stromal fibroblasts migrate
anodally.20 Rabbit osteoblasts and rat osteoblast-like
cells, when exposed to EF stimulation, migrate in the
opposite direction, moving towards the positive elec-
trode and the negative electrode, respectively.27 Vas-
cular endothelial cells with different origins in applied
EFs may migrate to the anode or cathode.24 Lens epi-
thelial cells move to different directions at different field
strengths.23 The biological significance of different mi-
gration directions of different cell types is not clear and
needs further study. For lens epithelial cells, bi-direc-
tional migration may relate to the bi-directional migra-
tion of the cells at germinal zones, which have to mi-
grate to both anterior and posterior poles in vivo. Ap-
plied EFs augment ligament fibroblast migration and
biosynthesis, by which EFs may enhance ligament
healing and repair.29
Cells may move either as individuals or as a group
(often as a sheet). In many cases in vivo, cells move
coordinately, for example, the whole epithelial layer with
many cells well-organized as a unit moves into the
wound.30 Epithelial cell sheets migrate directionally in
applied EFs, in the same migration direction of single
cells.31 We have developed an in vitro wound healing
assay to study the effects of EFs, in which cells re-
spond and move cooperatively in unified monolayer. We
have showed that an applied direct current (DC) EF
directs the healing of lens epithelial cell monolayer
wounds, and that the healing of monolayer wounds in
EFs is dependent on EF polarity.32
In addition to directing migration of cells, applied
EFs significantly accelerate migration rates. Corneal
epithelial cells migrate 2-3 times faster in physiological
voltage ranged from 50 mV/mm to 200 mV/mm. In-
creases in migration rate are non-linear and vary with
cell types.23,33
Applied EFs regulate cell proliferation and di-
rect the orientation of cell division    Applied EFs
affect cell proliferation, which is another important fac-
tor in tissue repair and regeneration.34,35 The effects on
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cell proliferation vary depending on cell types and field
strengths. Applied EFs stimulate cell growth of human
dermal fibroblasts in collagen matrix.36 Armstrong et
al37 has demonstrated a significantly increased prolif-
eration of bovine growth plate chondrocytes following elec-
trical stimulation at field strengths of 150-300 mV/mm,
but cell proliferation is significantly inhibited at the
strength of 450 mV/mm. Steady DC EFs of 200-300
mV/mm significantly inhibit proliferation of lens epithe-
lial cells and vascular endothelial cells.38,39 Alternating
EFs at 60 Hz reduce the proliferation rate of human
lymphoblast and carcinoma cells.40
Applied EFs direct the direction of division of cor-
neal epithelial cells. The cells divide with one daughter
cell oriented towards the field direction and the cleav-
age furrow orientated perpendicular to the field lines.41
This phenomenon, however, has not been observed in
keratinocytes.42
Applied EFs affect cell shape and cell orienta-
tion    Tissue repair and regeneration require active
changes in cell shape and orientation. Applied EFs in-
duce orientation of cells with the long axis of the cell
body perpendicular to the EF vector. Embryonic quail
somite epithelial cells and fibroblasts orient their long
axes perpendicular to the field lines.17 Perpendicular align-
ment induced by applied EFs has been reported for many
other cell types in culture, including fibroblasts,43 neural
crest cells,44 muscle cells,45 epithelial cells,46 corneal
epithel ial cel ls, 47 corneal endothelial cel ls,28
chondrocytes,21 several types of lens epithelial cells23,47
and vascular endothelial cells24,48. The perpendicular ori-
entation of cells induced by applied EFs is often accom-
panied with elongation of the cells.44,45,48,49 The re-orien-
tation and elongation responses of cells to EF stimula-
tion are voltage-dependent and time-dependent.48 Em-
bryonic quail somite fibroblasts do not elongate until
field strength reached 400 mV/mm.49 Elongation of cells
in EFs is thought to be used by the cells to minimize
voltage drop among them. A recent experiment provided
an exception: Chinese hamster ovary cells, which ori-
entated with their long axis parallel to the EFs.50
Applied EFs direct vascular endothelial cells
differentiation and angiogenesis    Applied and en-
dogenous EFs may have a role in controll ing
angiogenesis. Several types of electric potential differ-
ence exist around the endothelium of blood vessels.51
For example, ξ-potentials are created on the endothe-
lial cell wall by blood flow both in the aorta and the vena
cava, and range from 100 mV to 400 mV.52 Applied EFs
have significant effects on vascular endothelial cells,
including inhibiting proliferation, directing migration and
orientating alignment of cells.24,32,48 These responses of
vascular endothelial cells are important cellular behav-
iors underlying angiogenesis and vascular remodeling
in vivo.53 EFs induce endothelial cell differentiation and
angiogenesis of mouse embryonic stem cells.54
In addition to modulating the structure of
angiogenesis, electric stimulation increases vascular
permeability and blood flow. Weak pulsatile electric
stimulation can cause significant increases in blood
flow and capillary density in the ischemic limb of rats.
Electrical stimulation therefore may be an alternative
therapeutic approach to angiogenesis.55,56
Applied EFs direct nerve growth and neuronal
migration    Neurite growth is amongst the best stud-
ied and characterized cellular responses to applied EFs.
Neurites from dissociated Xenopus spinal neurons turn
towards the cathode in very small EFs (as small as 7
mV/mm). Those neurons towards the cathode branch
more, and the rate of neurites growth toward the cath-
ode in EFs is greater than that of those not growing in
EFs.7 Extrapolation of those results to mammalian cells
should be cautious because some exceptions have
been found. Neurites from neurons in culture from zebra
fish do not respond to applied EFs of 100 mV/mm.57
For mammalian neurons, applied EFs induce direc-
tional neuronal migration and neurite growths.26,58,59 This
is in contrast to Xenopus neurons in culture, which do
not migrate in EFs. Both directional neuronal migration
and guided neurite growth of mammalian neurons in
EFs are time and voltage-dependent. The guided neu-
rite growth of mammalian neurons is not as remarkable
as that for Xenopus neurons, and normally requires
higher voltage. Interspecies difference, which is not well
understood, offers a good opportunity to investigate the
mechanisms underlying EF-directed neurite growth and
neuronal migration.
Clinical application of electric stimulation in tis-
sue repair and regeneration
Results on using electric stimulation in wound heal-
ing clinically are promising, but with great discrepancy.
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We briefly described three examples of clinical use of
electric stimulation in bone fracture repair, wound heal-
ing and spinal cord injury, respectively. The uncertainty
of using electric stimulation clinically is largely due to
a lack of understanding of the basic science. It is still
unknown how a DC EF may exert its effect on cells.
Application of EFs to cells in vivo and at tissue level is
not a trivial technique. The electric voltage and currents
in biological responses of cells in three dimensions are
very poorly understood. Because there are endogenous
EFs and applied EFs have remarkable effects on mul-
tiple cell behaviors in culture, we expect that EFs can
be a powerful tool to intervene some important clinical
diseases. Interdisciplinary investigation that combines
biophysics, electrophysiology, cellular biology, and mo-
lecular biology will bring us closer to the fruition of imple-
menting electrotherapy.
Electric stimulation for bone repair    Electric
stimulation has been used clinically in bone fracture to
promote bone formation.35 Capacitively coupled EFs ac-
celerate bone cell proliferation and differentiation in vitro
and promote matrix formation and maturation.60 Applied
electrical stimulation may enhance osteogenesis. Re-
cent experimental studies show that application of ex-
ternal EFs can enhance peri-implant lamellar bone vol-
ume in rat tibia and regulate extracellular matrix
synthesis.61 Meta-analysis of several clinical trials how-
ever has cast some uncertainty on the outcome of clinical
use of the stimulation.
Electric stimulation for wound healing    EF
stimulation has been used clinically to treat non-heal-
ing skin wounds.62 The in vivo effects may include many
aspects described above: epithelial cell migration,
angiogenesis, and nerve growth. In addition to those
effects, electric stimulation has been shown to be able
to increase blood circulation and protein synthesis, and
has thermal and bactericidal effects.
Many schemes of electric stimulation have been
tested clinically. In the United States, electric stimula-
tion has been approved for the treatment of certain
chronic and refractory wounds. However, no particular
devices have been approved for wound healing.62-64 The
techniques to apply EFs are yet to be developed, veri-
fied and optimized.
Electrical stimulation for spinal cord injury     The
use of applied DC EFs to treat spinal cord injuries has
been in progress in human clinical trials.65 Such trials
are based on the following experimental results in labo-
ratory research. Large endogenous electric currents first
enter the damaged sites in mammalian spinal cord.66
Applied DC EFs are then used to promote mammalian
spinal cord repair presumably through stimulating and di-
recting axon regeneration. Electrical stimulation to
hemisected guinea pig spinal cords significantly enhance
regeneration of axons there.67 Function recovery in some
aspects, especially the sensory recovery following spinal
cord transaction, is significant after EF stimulation.68 EF-
directed and stimulated nerve sprouts, growth cones ex-
tension and turning may underlie repair.7,15
Conclusions
There is evidence of the existence of endogenous
EFs in the injured and regenerating tissues, and of cells
responding to EFs with increased and directional cell
migration. Cells in culture align, elongate and may pro-
liferate at increased or decreased rates in applied EFs.
EFs regulate nerve growth and angiogenesis, thus rep-
resenting a novel type of signaling paradigm in tissue
repair and regeneration. Combination of electric stimu-
lation and other better understood biochemical regula-
tory mechanisms may offer powerful and effective thera-
pies to enhance repair and regeneration. Understand-
ing of biological effects of EFs and advancement in tech-
nology of application of electric stimulation will be two
important aspects in this promising field in the coming
years.
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